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Hydroxyl terminated liquid epoxidized natural rubber (HTLENR) was 
synthesized via an oxidative degradation of liquid epoxidized natural rubber (LENR) 
in the presence of cobalt acetylacetonate as an oxidizing agent. The subsequent 
treatment was conducted using sodium borohydride as a reducing agent for the 
formation of hydroxyl group.  In order to obtain a low molecular weight of HTLENR, 
the reaction times were varied for 1 h, 4 h, 7 h, 10 h, and 24 h.  Gel permeation 
chromatography was used to determine the molecular weight of HTLENR.  The lowest 
molecular weight was achieved after 24 h reaction where Mw and Mn were 21869 
g/mol and 3233g/mol, respectively.  However, HTLENR prepared for 10 h reaction 
time with Mw and Mn of 37545 g/mol and 3879 g/mol, respectively was chosen as an 
optimum parameter for further reaction due to the economic factor as well as based on 
the highest rate of chain scission. The molecular structure of HTLENR was analyzed 
using Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR).  The 
appearance of broad peak around 3250 - 3550 cm-1 in FTIR spectrum after the reaction 
confirmed the existence of OH group in the prepared HTLENR and the peak intensity 
increased as the reaction time increased. The NMR analysis confirmed the highest 
hydroxyl content was achieved at 10 h reaction with the amount of approximately 
7.56%.  HTLENRs with different graphene oxide (GO) loadings (1%, 5% and 10% 
w/w) were produced by grafting reaction. The FTIR analysis showed a broad peak of 
OH in HTLENR-g-GO at higher amount of GO loading. Meanwhile, the differential 
scanning calorimetric analysis revealed the increase of glass transition temperature as 
the amount of GO in the HTLENR-g-GO increased. Thermal stabilities of HTLENRs 
were analyzed by thermogravimetric analysis which showed that at 1 wt% and 5 wt% 
of GO loadings give a higher decomposition temperature compared to the 10 wt% GO 
loading.  Degree of grafting was calculated to be 40.56% at 5 wt% of GO loading and 
remained almost constant at 10% of GO loading.  Based on the result obtained, it can 
be concluded that HTLENR was successfully produced with the optimum degree of 
grafting at 5 wt% GO loading.    
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ABSTRAK 
Cecair getah asli terepoksida terminal hidroksil (HTLENR) telah disintesis 
melalui penguraian beroksida menggunakan cecair getah asli epoksida (LENR) 
dengan kobalt asitil asetonat sebagai satu agen pengoksida. Rawatan seterusnya 
dilakukan dengan menggunakan natrium borohidrida sebagai satu agen penurunan 
untuk pembentukan kumpulan hidroksil. Untuk mendapatkan berat molekul HTLENR 
yang rendah, masa tindak balas di pelbagaikan pada1 jam, 4 jam, 7 jam, 10 jam dan 
24 jam.  Kromatografi penyerapan gel digunakan untuk menentukan berat molekul 
HTLENR.  Berat molekul terendah dicapai selepas tindak balas 24 jam di mana Mw 
dan Mn masing-masing adalah 21869 g/mol dan 3233 g/mol.  Walau bagaimanapun, 
HTLENR yang disediakan selama 10 jam masa tindakbalas dimana Mw dan Mn 
masing-masing adalah 37545 g/mol dan 3879 g/mol dipilih sebagai parameter optima 
untuk reaksi selanjutnya disebabkan oleh faktor ekonomi dan kadar pemotongan rantai 
HTLENR yang lebih tinggi.  Struktur molekul HTLENR dianalisis menggunakan 
jelmaan inframerah Fourier (FTIR) dan resonan magnetik nuklear (NMR).  
Kemunculan puncak lebar sekitar 3250-3550 cm-1 di dalam spektrum mengesahkan 
kewujudan kumpulan OH di dalam HTLENR dan puncak keamatan bertambah apabila 
masa tindakbalas meningkat.  Pengiraan kadar hidroksil di dalam HTLENR 
mengunakan NMR analisis mengesahkan bahawa masa tindakbalas pada 10 jam 
memberikan kandungan hidroksil tertinggi iaitu 7.56%.  HTLENR gabungan grafena 
oksida (GO) pada kadar yang berbeza (1%, 5% dan 10% w / w) dihasilkan melalui 
tindakbalas cangkuk.  Analisis FTIR menunjukkan puncak OH yang lebih luas di 
HTLENR-g-GO pada jumlah GO yang lebih tinggi.  Sementara itu, analisis dari 
pengimbasan perbezaan calorimetri menunjukkan suhu peralihan kaca semakin 
meningkat apabila jumlah GO yang digunakan di dalam tindakbalas HTLENR-g-GO 
meningkat. Kestabilan haba HTLENR dianalisis oleh analisis termogravimetrik 
menunjukkan 1 wt% dan 5 wt% daripada kandungan GO memberikan suhu penguraian 
yang lebih tinggi berbanding 10 wt% GO.  Darjah pengcangkukan dikira 40.56% pada 
5 wt% GO dan peratusan mulai hampir sama pada 10 wt% kandungan GO.  
Berdasarkan keputusan yang diperolehi, dapat disimpulkan bahwa HTLENR berjaya 
dihasilkan dengan darjah pengcangkukan optimum GO pada 5 wt% kandungan GO.  
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1.1 Research Background 
 
 
Liquid rubber (LR) is another form of rubber having low molecular weight 
(Mw)  of below 20000 g/mol that are used in various applications such as automotive, 
structural, medical as well as aerospace (Das et al., 2015).  LR is advantageous for the 
production of various products due to the ease of processing and less energy 
requirement in comparison to the high molecular weight rubber.  LR can be either 
liquid natural rubber (LNR) or liquid synthetic rubber (LSR).  Even though the 
researches on LNR has started much earlier, the progress is much slower than LSR 
(Nor & Ebdon, 1998).  To date, various LSR products have been commercially 
available such as carboxyl-terminated butadiene (CTBN), hydroxyl-terminated 
polybutadiene (HTPB), vinyl-terminated butadiene-acrylonitrile which are widely 
used as toughening agents and binders (Kargarzadeh et al., 2015).  Currently, LNR on 
the other hand, has gained significant interest due to the current issue concerning the 
renewability and natural resources.  Kargarzadeh et al. (2015) reported the use of LNR 
and liquid epoxidized natural rubber (LENR) as excellent toughening agent for 
unsaturated polyester resin. LNR can be obtained from various methods of degradation 
of NR either using mechanical (Gelling and Porter, 1988), oxidative (Nor and Ebdon, 
1998) or photo degradation (Ravindran et al., 1988). 
 
 
The aforementioned methods for the production of LNR has led to the 
formation of inconsistent types of reactive terminal groups.  The presence of these 
inconsistent terminal groups has resulted in the rubber vulcanizates with poor 
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mechanical properties owing to the presence of a high proportion of elastically inactive 
chain ends which limits the application of LNR.  Telechelic liquid rubber (TLR) is a 
modified form of LR which contains consistent and specific functional groups at the 
chain end thus lowering the percentage of elastically inactive chain ends.  The presence 
of this specific reactive terminal groups enabled higher chain extension and 
crosslinking of the LR.  Hydroxyl and carboxyl are among the most reported reactive 
terminal group.  Preparation, procedure and type of reagents are crucial parameters in 
determining the type of reactive terminal groups for that particular TLR (Nor and 
Ebdon, 1998).  For instance, hydroxylated NR is very reactive due to the hydroxyl 
groups in its polymer chain.  Therefore, hydroxylated NR can acts as intermediates for 
other reaction such as grafting reaction, esterification and so on (Azhar et al., 2017).   
 
 
Various telechelic LNR (TLNR) have been reported so far.  Research on the 
use of natural rubber based binder for propellant rocket, hydroxyl TLNR (HTLNR) as 
replacement for hydroxyl-terminated polybutadiene (HTPB), which is a commercial 
synthetic liquid rubber was conducted extensively due to the low cost and green 
technology by HTLNR (Baharulrazi et al., 2015; Shuhadah, 2016).  The preparation 
of telechelic rubber from epoxidized natural rubber (ENR) was conducted in 2016 
(Shuhadah, 2016).  The use of ENR was expected to have better functionalization due 
to the presence of epoxy groups in the starting material. 
 
 
Addition of filler is one of the methods that has been established to enhance 
the properties of rubber.  Various reinforcing fillers such as fillers in the form of fine 
particles like carbon black, silica or calcium carbonate have been added into 
NR/elastomers for the enhancement of the rubber especially in terms of strength and 
stiffness (Donnet, 1998). According to López‐Manchado et al. (2004), the 
incorporation of carbon based-fillers such as carbon nanotube have significantly 
improve the properties of rubber nanocomposites.  López‐Manchado et al. (2004) 
stated that a strong filler-matrix interaction was observed with increase of the storage 
modulus as well as a noticeable shift of the glass transition temperature (Tg) towards 
higher temperatures.  Graphene, the newest member of the carbon family has received 
significant interest in the field of nanocomposites due to its exceptional physical 
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properties such as its unusual structural characteristics and electronic flexibility (Geim 
and Novoselov, 2007; Neto et al., 2009), superlative mechanical strength (Lee et al., 
2008) and good thermal conductivity (Balandin et al., 2008). However, pristine 
graphene is too hydrophobic and unable to form homogeneous polymer composites.  
 
 
Therefore, graphene oxide (GO) which is an oxidized form of graphene, 
provides better alternative due to the presence of various oxygen functional groups and 
is expected to provide better interaction with reactive groups from telechelic LNR.  
GO is considered as a promising precursor to produce graphene-based materials due 
to the wide-ranging selection of functional groups that allowed for further 
functionalization (Che Man et al., 2013).  The incorporation of GO into various matrix 
can be done via solution mixing (Zhao et al., 2010), melt blending (Berki et al., 2017) 
and in situ polymerization (Potts et al., 2011).  The first two methods are usually 
favoured due to the simple process.  Chemical modification on the other hand enable 
the interaction of filler and polymer matrices.  Chemical modification such as 
hydrogenation, oxidation, hydroxylation and grafting are possible option to modify 
LNR or LENR.  Thus in this research, synthesis of hydroxyl terminated liquid 
epoxidized natural rubber (HTLENR) and HTLENR grafted with GO has been 
prepared.  Currently, research on the preparation and characterization of 
graphene/liquid natural rubber nanocomposite has yet to be reported.  The formation 
of grafting is expected to ensure a good adhesion between GO and HTLENR matrix 





1.2 Problem Statement 
 
 
Despite the advantages of LNR in comparison to NR, the applications of LNR 
is still limited due to the presence of unsaturated structure in the backbone as discuss 
previously (Berry and Morell, 1974).  Thus, the transformation of LNR to telechelic 
LNR (TLNR) that bearing consistent reactive terminal end group is paramount which 
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help to reduce the unsaturated chain in LNR or in other liquid rubbers.  TLNR such as 
hydroxyl terminated natural rubber (HTNR) and carboxyl terminated liquid rubber 
(CTLR) which capable of further chain extension reaction have been studied by 
various researchers (Nor and Ebdon, 1998; Shuhadah, 2016).  To date, the presence of 
epoxy groups in LENR has been reported to possess better functionalization compared 
to HTNR and CTNR and shows good potential for the preparation of telechelic LENR 
(TLENR).  However, the studies on the synthesis and properties of HTENR is still 
new. Shuhadah (2016) reported the synthesis of HTENR via oxidative degradation by 
using an ENR as a raw material. From this research, the Mn produced was still high 
which around 34000 g/mol. Getting lower Mn (~below 20000 g/mol) is crucial in 




Thus, in this research, LENR was used as a starting material to produce 
HTLENR via oxidative degradation in the presence of oxidizing agent and ethanol as 
solvent. LENR was chosen due to the lower molecular weight as well as the presence 
of epoxide group which is expected to enhance the functionalization process. The 
molecular weight for HTLENR produced was also expected to be lower than previous 
research which use ENR as starting material (Shuhadah, 2016). Subsequently, 
graphene oxide (GO) was grafted onto the backbone of the prepared HTLENR to get 
the substantial improvements in properties of the composite.  To date, GO as a filler 
help to form a good dispersion and interaction in rubber matrix. Based on literature 
search, grafting of GO onto HTLENR or telechelic natural rubber has yet to be 
reported.  TLNR plays an important role due to reactive end chain that can be a 
precursor for synthesis of new composites.  With addition of GO, this work might 
provide a new insight for performance of rubber nanocomposite for further 









1.3 Research Objective 
 
 
The aim of this research was to synthesize HTLENR with low molecular 
weight in the range of 10000 g/mol and afterward perform grafting reaction with GO 




(a) To determine the effect of various reaction time on molecular weight of 
HTLENR prepared by LENR via oxidative degradation. 
 
(b) To characterize the HTLENR obtained and propose the mechanism of the 
HTLENR. 
 
(c) To perform grafting reaction of HTLENR with GO and investigate the thermal 





1.4 Scope of Study 
 
 




(a) Depolymerisation of LENR by oxidation method to obtain lower molecular 
weight of liquid rubber (HTLENR).  This depolymerization occur in the 
presence of ethanol as a solvent as well as cobalt acetyl acetonate (CAA) as 
oxidizing agent. Subsequently, sodium borohydride (NaBH4) was added to 
ensure the formation of hydroxyl group.  The reaction time was varied in order 
to study the effect of reaction parameters on the reduction of molecular weight.   
REFERENCES 
Ajayan, P., Stephan, O., Colliex, C., and Trauth, D. (1994). Aligned carbon nanotube 
arrays formed by cutting a polymer resin—nanotube composite. science, 
265(5176), 1212-1214. 
Al-maamori, M. H., Al-Zubaidi, A. A.-A., and Subeh, A. A. (2015). Effect of Carbon 
Black on Mechanical and Physical Properties of Acrylonitrile Butadiene 
Rubber (NBR) Composite. Academic Research International, 6(2), 28. 
Alam, S. N., Sharma, N., and Kumar, L. (2017). Synthesis of graphene oxide (GO) by 
modified hummers method and its thermal reduction to obtain reduced 
graphene oxide (rGO). Graphene, 6(01), 1-18. 
Anand K, A., Jose T, S., Alex, R., and Joseph, R. (2009). Natural rubber-carbon 
nanotube composites through latex compounding. International Journal of 
Polymeric Materials, 59(1), 33-44. 
Arroyo, M., Lopez-Manchado, M., and Herrero, B. (2003). Organo-montmorillonite 
as substitute of carbon black in natural rubber compounds. Polymer, 44(8), 
2447-2453. 
Atieh, M. A., Girun, N., Ahmadun, F., Guan, C., Mahdi, E., and Baik, D. (2005). 
Multi-wall carbon nanotubes/natural rubber nanocomposite. AzoNano–Online 
Journal of Nanotechnology, 1, 1-11. 
Ayutthaya, W. D. N., and Poompradub, S. (2014). Thermal and mechanical properties 
of poly (lactic acid)/natural rubber blend using epoxidized natural rubber and 
poly (methyl methacrylate) as co-compatibilizers. Macromolecular Research, 
22(7), 686-692. 
Azhar, Rasid, H. M., Tahir, N. A. M., and Mohd Yusoff, S. F. (2017). In situ 
hydrogenation of liquid epoxidized natural rubber using diimide. Malaysian 
Journal of Analytical Sciences, 21, 1380-1388. 
Azhar, N. H. A., Jamaluddin, N., Md Rasid, H., Yusof, M., Jefri, M., and Yusoff, S. 
F. M. (2015). Studies on hydrogenation of liquid natural rubber using diimide. 
International Journal of Polymer Science, 2015. 
Azhar, N. H. A., Rasid, H. M., and Yusoff, S. F. M. (2016). Chemical modifications 




Azhar, N. H. A., Rasid, H. M., and Yusoff, S. F. M. (2017). Epoxidation and 
Hydroxylation of Liquid Natural Rubber. Sains Malaysiana, 46(3), 485-491. 
Baharulrazi, N., Mohd Nor, H., Ali, W., and Khairuddin, W. (2015). Hydroxyl 
Terminated Natural Rubber (HTNR) as a Binder in Solid Rocket Propellant. 
Applied Mechanics and Materials, 174-178. 
Baharulrazi, N., Nor, H. M., Ali, W. K. W., and Khairuddin, W. (2014). Hydroxyl 
Terminated Natural Rubber (HTNR) as a Binder in Solid Rocket Propellant. 
Applied Mechanics and Materials, 695, 174. 
Bakar, A., Ahmad, S., and Kuntjoro, W. (2012). Effect of epoxidized natural rubber 
on mechanical properties of epoxy reinforced kenaf fibre composites. 
Pertanika Journal of Science and Technology, 20(1), 129-137. 
Baker, C., Gelling, I., and Newell, R. (1985). Epoxidized natural rubber. Rubber 
chemistry and Technology, 58(1), 67-85. 
Balandin, A. A., Ghosh, S., Bao, W., Calizo, I., Teweldebrhan, D., Miao, F., et al. 
(2008). Superior thermal conductivity of single-layer graphene. Nano letters, 
8(3), 902-907. 
Berger, C., Song, Z., Li, T., Li, X., Ogbazghi, A. Y., Feng, R., et al. (2004). Ultrathin 
epitaxial graphite: 2D electron gas properties and a route toward graphene-
based nanoelectronics. The Journal of Physical Chemistry B, 108(52), 19912-
19916. 
Berki, P., László, K., Tung, N. T., and Karger-Kocsis, J. (2017). Natural 
rubber/graphene oxide nanocomposites via melt and latex compounding: 
Comparison at very low graphene oxide content. Journal of Reinforced 
Plastics and Composites, 36(11), 808-817. 
Berry, J., and Morrell, S. (1974). Liquid rubbers and the problems involved in their 
application. Polymer, 15(8), 521-526. 
Bhattacharyya, A., Chen, S., and Zhu, M. (2014). Graphene reinforced ultra high 
molecular weight polyethylene with improved tensile strength and creep 
resistance properties. Express Polymer Letters, 8(2). 
Boccaccio, G., and De Livonnière, H. (1991). Modifications chimiques du caoutchouc 
naturel liquide. L'Actualité Chimique(3-4), 100-105. 
Bourlinos, A. B., Gournis, D., Petridis, D., Szabó, T., Szeri, A., and Dékány, I. (2003). 
Graphite oxide: chemical reduction to graphite and surface modification with 




Brodie, B. C. (1859). On the atomic weight of graphite. Philosophical transactions of 
the Royal Society of London, 149, 249-259. 
Castro, E. V., Novoselov, K., Morozov, S., Peres, N., Dos Santos, J. L., Nilsson, J., et 
al. (2007). Biased bilayer graphene: semiconductor with a gap tunable by the 
electric field effect. Physical review letters, 99(21), 216802. 
Che Man, S., Thickett, S. C., Whittaker, M. R., and Zetterlund, P. B. (2013). Synthesis 
of polystyrene nanoparticles “armoured” with nanodimensional graphene 
oxide sheets by miniemulsion polymerization. Journal of Polymer Science 
Part A: Polymer Chemistry, 51(1), 47-58. 
Chuayjuljit, S., Nutchapong, T., Saravari, O., and Boonmahitthisud, A. (2015). 
Preparation and characterization of epoxidized natural rubber and epoxidized 
natural rubber/carboxylated styrene butadiene rubber blends. Journal of 
Metals, Materials and Minerals, 25(1). 
Das, A., Stöckelhuber, K., Jurk, R., Fritzsche, J., Klüppel, M., and Heinrich, G. (2009). 
Coupling activity of ionic liquids between diene elastomers and multi-walled 
carbon nanotubes. Carbon, 47(14), 3313-3321. 
Dasari, B. L., Nouri, J. M., Brabazon, D., and Naher, S. (2017). Graphene and 
derivatives - Synthesis techniques, properties and their energy applications. 
ENERGY, 140, 766-778. 
Derouet, D., Brosse, J.-C., and Challioui, A. (2001). Alcoholysis of epoxidized 
polyisoprenes by direct opening of oxirane rings with alcohol derivatives 1. 
Modelization of the reaction. European polymer journal, 37(7), 1315-1326. 
Derouet, D., Radhakrishnan, N., Brosse, J. C., and Boccaccio, G. (1994). Phosphorus 
modification of epoxidized liquid natural rubber to improve flame resistance 
of vulcanized rubbers. Journal of applied polymer science, 52(9), 1309-1316. 
Dileep, U., and Avirah, S. A. (2002). Studies on carboxy‐terminated liquid natural 
rubber in NBR. Journal of applied polymer science, 84(2), 261-267. 
Dileep, U., and Avirah, S. A. (2003). Studies on carboxy-terminated natural rubber in 
filled NR and NR latex vulcanizates. Iranian Polymer Journal, 441-448. 
Donnet, J.-B. (1998). Black and white fillers and tire compound. Rubber chemistry 
and technology, 71(3), 323-341. 




Emiru, T. F., and Ayele, D. W. (2017). Controlled synthesis, characterization and 
reduction of graphene oxide: a convenient method for large scale production. 
Egyptian Journal of Basic and Applied Sciences, 4(1), 74-79. 
Ganter, M., Gronski, W., Reichert, P., and Mulhaupt, R. (2001). Rubber 
nanocomposites: morphology and mechanical properties of BR and SBR 
vulcanizates reinforced by organophilic layered silicates. Rubber chemistry 
and technology, 74(2), 221-235. 
Geim, A., and Novoselov, K. (2007). The rise of graphene. naturematerials, 6: 183–
191: March. 
Geim, A. K., and Novoselov, K. S. (2007). The rise of graphene. Nature Materials, 
6(3), 183-191. 
Gelling, I., and Porter, M. (1988). Chemical modification of natural rubber. Natural 
Rubber Science and Technology, 359-456. 
Gemmer, R. V., and Golub, M. A. (1978). 13C NMR spectroscopic study of 
epoxidized 1, 4‐polyisoprene and 1, 4‐polybutadiene. Journal of Polymer 
Science: Polymer Chemistry Edition, 16(11), 2985-2990. 
Giang, L. D., Thao, D. L. M., Huong, H. T., and Thu Hiep, L. T. (2016). Synthesis of 
hydroxyl terminated liquid natural rubber by oxidative depolymerization of 
deproteinized natural rubber. Journal of Science and Technology, 54(3), 340. 
Gómez-Navarro, C., Burghard, M., and Kern, K. (2008). Elastic properties of 
chemically derived single graphene sheets. Nano letters, 8(7), 2045-2049. 
Grassie, N., and Scott, G. (1988). Polymer degradation and stabilisation: CUP 
Archive. 
Guo, H.-L., Wang, X.-F., Qian, Q.-Y., Wang, F.-B., and Xia, X.-H. (2009). A green 
approach to the synthesis of graphene nanosheets. ACS nano, 3(9), 2653-2659. 
Gupta, A., Jamatia, R., Patil, R. A., Ma, Y.-R., and Pal, A. K. (2018). Copper 
Oxide/Reduced Graphene Oxide Nanocomposite-Catalyzed Synthesis of 
Flavanones and Flavanones with Triazole Hybrid Molecules in One Pot: A 
Green and Sustainable Approach. ACS Omega, 3(7), 7288-7299. 
Gupta, S., Kurup, M., Devadoss, E., Muthiah, R., and Thomas, S. (1985). 
Development and evaluation of a novel binder based on natural rubber and 
high‐energy polyurethane/composite propellants. Journal of applied polymer 




Hashim, A., and Kohjiya, S. (1993). Preparation and properties of epoxidized natural 
rubber. Kautschuk und Gummi, Kunststoffe, 46(3), 208-213. 
Hashim, A., and Ong, S. (2014). Application of epoxidized natural rubber (NR) in 
pressure sensitive adhesives (PSAs). In Chemistry, Manufacture and 
Applications of Natural Rubber (pp. 353-370): Elsevier. 
He, H., Klinowski, J., Forster, M., and Lerf, A. (1998). A new structural model for 
graphite oxide. Chemical physics letters, 287(1-2), 53-56. 
Hernández, M., del Mar Bernal, M., Verdejo, R., Ezquerra, T. A., and López-
Manchado, M. A. (2012). Overall performance of natural rubber/graphene 
nanocomposites. Composites Science and Technology, 73, 40-46. 
Hu, H., Zhao, L., Liu, J., Liu, Y., Cheng, J., Luo, J., et al. (2012). Enhanced dispersion 
of carbon nanotube in silicone rubber assisted by graphene. Polymer, 53(15), 
3378-3385. 
Hummers Jr, W. S., and Offeman, R. E. (1958). Preparation of graphitic oxide. Journal 
of the american chemical society, 80(6), 1339-1339. 
Ibrahim, S., Daik, R., and Abdullah, I. (2014). Functionalization of liquid natural 
rubber via oxidative degradation of natural rubber. Polymers, 6(12), 2928-
2941. 
Iijima, S., and Ichihashi, T. (1993). Single-shell carbon nanotubes of 1-nm diameter. 
nature, 363(6430), 603. 
Isa, S. Z., Yahya, R., Hassan, A., and Tahir, M. (2007). The influence of temperature 
and reaction time in the degradation of natural rubber latex. Malays. J. Anal. 
Sci, 11, 42-47. 
Ismail, H., and Ramli, R. (2008). Organoclay filled natural rubber nanocomposites: 
the effects of filler loading and mixing method. Journal of Reinforced Plastics 
and Composites, 27(16-17), 1909-1924. 
Jose, T., Moni, G., Salini, S., Raju, A. J., George, J. J., and George, S. C. (2017). 
Multifunctional multi-walled carbon nanotube reinforced natural rubber 
nanocomposites. Industrial Crops and Products, 105, 63-73. 
Kaenhin, L., Klinpituksa, P., Rungvichaniwat, A., and Pilard, J. F. (2012). Waterborne 
polyurethane: Effect of functional groups in aromatic isocyanate and the chain 





Kargarzadeh, H., Ahmad, I., Abdullah, I., Thomas, R., Dufresne, A., Thomas, S., et al. 
(2015). Functionalized liquid natural rubber and liquid epoxidized natural 
rubber: A promising green toughening agent for polyester. Journal of Applied 
Polymer Science, 132(3). 
Khan, M. S., Shakoor, A., Khan, G. T., Sultana, S., and Zia, A. (2015). A Study of 
Stable Graphene Oxide Dispersions in Various Solvents. Journal of the 
Chemical Society of Pakistan, 37(1). 
Kolodziej, M., Bokobza, L., and Bruneel, J.-L. (2007). Investigations on natural rubber 
filled with multiwall carbon nanotubes. Composite interfaces, 14(3), 215-228. 
Kotal, M., Banerjee, S. S., and Bhowmick, A. K. (2016). Functionalized graphene with 
polymer as unique strategy in tailoring the properties of bromobutyl rubber 
nanocomposites. Polymer, 82, 121-132. 
Lee, C., Wei, X., Kysar, J. W., and Hone, J. (2008). Measurement of the elastic 
properties and intrinsic strength of monolayer graphene. science, 321(5887), 
385-388. 
Lee, C., Wei, X., Li, Q., Carpick, R., Kysar, J. W., and Hone, J. (2009). Elastic and 
frictional properties of graphene. physica status solidi (b), 246(11‐12), 2562-
2567. 
Lee, J.-U., Yoon, D., Kim, H., Lee, S. W., and Cheong, H. (2011). Thermal 
conductivity of suspended pristine graphene measured by Raman 
spectroscopy. Physical Review B, 83(8), 081419. 
Lemoine, A. (1989). Production of liquid natural rubber on a Pilot scale . RRIM 
Lerf, A., He, H., Forster, M., and Klinowski, J. (1998). Structure of graphite oxide 
revisited. The Journal of Physical Chemistry B, 102(23), 4477-4482. 
Lerf, A., He, H., Forster, M., and Klinowski, J. (1998). Structure of graphite oxide 
revisited‖. The Journal of Physical Chemistry B, 102(23), 4477-4482. 
Li, C., Liu, Y., Zeng, Q.-Y., and Ao, N.-J. (2013). Preparation and antimicrobial 
activity of quaternary phosphonium modified epoxidized natural rubber. 
Materials Letters, 93, 145-148. 
Li, J.-L., Tang, B., Yuan, B., Sun, L., and Wang, X.-G. (2013). A review of optical 
imaging and therapy using nanosized graphene and graphene oxide. 




Li, J., Zeng, X., Ren, T., and van der Heide, E. (2014). The preparation of graphene 
oxide and its derivatives and their application in bio-tribological systems. 
Lubricants, 2(3), 137-161. 
Liang, Y., Wang, Y., Wu, Y., Lu, Y., Zhang, H., and Zhang, L. (2005). Preparation 
and properties of isobutylene–isoprene rubber (IIR)/clay nanocomposites. 
Polymer Testing, 24(1), 12-17. 
Lin, Y., Jin, J., and Song, M. (2011). Preparation and characterisation of covalent 
polymer functionalized graphene oxide. Journal of Materials Chemistry, 
21(10), 3455-3461. 
López‐Manchado, M., Biagiotti, J., Valentini, L., and Kenny, J. (2004). Dynamic 
mechanical and Raman spectroscopy studies on interaction between single‐
walled carbon nanotubes and natural rubber. Journal of Applied Polymer 
Science, 92(5), 3394-3400. 
Ly, P. H. (1996). Reinforcement of natural rubber from hydroxyl-terminated liquid 
natural rubber grafted carbon black. I. Grafting of acyl chloride capped liquid 
natural rubber onto carbon black. Journal of Macromolecular Science, Part A: 
Pure and Applied Chemistry, 33(12), 1931-1937. 
Ma, J., Xu, J., Ren, J.-H., Yu, Z.-Z., and Mai, Y.-W. (2003). A new approach to 
polymer/montmorillonite nanocomposites. Polymer, 44(16), 4619-4624. 
Mallick, A., Bhattacharya, A., Gupta, B., Tripathy, D., and De, S. (1997). Effect of 
HAF carbon black filler on chemorheological behavior of poly (acrylic acid)‐
epoxidized natural rubber blend. Journal of applied polymer science, 65(1), 
135-142. 
Marcano, D. C., Kosynkin, D. V., Berlin, J. M., Sinitskii, A., Sun, Z., Slesarev, A., et 
al. (2010). Improved synthesis of graphene oxide. ACS nano, 4(8), 4806-4814. 
March, J. (1992). Advanced organic chemistry: reactions, mechanisms, and structure: 
John Wiley & Sons. 
Matos, C. F., Galembeck, F., and Zarbin, A. J. (2014). Multifunctional and 
environmentally friendly nanocomposites between natural rubber and 
graphene or graphene oxide. Carbon, 78, 469-479. 
Michailidis, M., Verros, G. D., Deliyanni, E. A., Andriotis, E. G., and Achilias, D. S. 
(2017). An experimental and theoretical study of butyl methacrylate in situ 
radical polymerization kinetics in the presence of graphene oxide nanoadditive. 




Mohammed, N. H. B. (1995). Telechelic natural rubber oligomers via controlled 
ozonolysis. University of Lancaster. Ph. D. Thesis. 
Najafi, F., and Rajabi, M. (2015). Thermal gravity analysis for the study of stability of 
graphene oxide–glycine nanocomposites. International Nano Letters, 5(4), 
187-190. 
Nakajima, T., Mabuchi, A., and Hagiwara, R. (1988). A new structure model of 
graphite oxide. Carbon, 26(3), 357-361. 
Neto, A. C., Guinea, F., Peres, N. M., Novoselov, K. S., and Geim, A. K. (2009). The 
electronic properties of graphene. Reviews of modern physics, 81(1), 109. 
Nikolaidis, A. K., Achilias, D. S., and Karayannidis, G. P. (2012). Effect of the type 
of organic modifier on the polymerization kinetics and the properties of poly 
(methyl methacrylate)/organomodified montmorillonite nanocomposites. 
European Polymer Journal, 48(2), 240-251. 
Nilsson, J., Neto, A. C., Guinea, F., and Peres, N. (2008). Electronic properties of 
bilayer and multilayer graphene. Physical Review B, 78(4), 045405. 
Nor, H. M., and Ebdon, J. R. (1998). Telechelic liquid natural rubber: a review. 
Progress in polymer science, 23(2), 143-177. 
Okieimen, F., and Akinlabi, A. (2002). Processing characteristics and 
physicomechanical properties of natural rubber and liquid natural rubber 
blends. Journal of applied polymer science, 85(5), 1070-1076. 
Pan, D., Wang, S., Zhao, B., Wu, M., Zhang, H., Wang, Y., et al. (2009). Li storage 
properties of disordered graphene nanosheets. Chemistry of Materials, 21(14), 
3136-3142. 
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